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Abstract The lepton flavor universality violating (LFUV)
measurements RK and RK∗ in B meson decays can be ac-
counted for in non-universal Z′ models. We constrain the
couplings of these Z′ models by performing a global fit to
correlated b → s`` and b → d`` processes, and calculate
their possible implications for Bs → K¯∗`` observables. For
real new physics (NP) couplings, the 1-σ favored parame-
ters allow the corresponding LFUV ratio R(s)K∗ in Bs→ K¯∗``
to range between 0.8 – 1.2 at low q2. Complex NP couplings
improve the best fit only marginally, however they allow a
significant enhancement of the branching ratio, while in-
creasing the range of R(s)K∗ at low q
2 to 0.8 – 1.8. We find
that NP could cause zero-crossing in the forward-backward
asymmetry AFB to shift towards lower q2 values, and en-
hancement in the magnitude of integrated AFB. The CP asym-
metry ACP may be suppressed and even change sign. The si-
multaneous measurements of integrated R(s)K∗ and ACP values
to 0.1 and 1% respectively, would help in constraining the
effective NP Wilson coefficient C9 in b→ dµµ interactions.
1 Introduction
In recent times, the most tenacious hints of physics beyond
the standard model (SM) have been seen in the decays of
B mesons. In particular, there are several measurements in
the decays involving the quark-level transition b→ s`+ `−
(l = e, µ) that deviate from the predictions of SM. These in-
clude the LFUV observables RK and RK∗ [1, 2] whose mea-
surements disagree with the SM predictions at the level of
∼ 2.5σ [3, 4]. This disagreement can be attributed to NP in
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b→ se+ e− and/or b→ sµ+ µ− [5–7]. There are also de-
viations from the SM expectations at the level of ∼ 4σ in
other measurements involving only b→ sµ+µ− transition,
such as the branching ratio of Bs→ φ µ+ µ− [8] and angu-
lar observable P′5 in B→ K∗ µ+ µ− decay [9–11]. Hence it
is natural to try accounting for the discrepancies in all the
above measurements by assuming new physics only in the
muon sector.
These anomalies may be addressed in a model-agnostic
way using the framework of effective field theory, where
the effects of NP are incorporated by adding new opera-
tors to the SM effective Hamiltonian. Various groups have
performed global fits to all available data in the b→ s`+`−
sector in order to identify the Lorentz structure of possible
new physics operators [12–21]. Some of these new physics
operators can be generated in Z′ [22–26] or leptoquark mod-
els [27–32]. It has been shown that several models with Z′,
either light or heavy, can help account for the anomalies in
b→ sµ+µ− sector [33–39].
Since the Z′ boson would in general couple to all genera-
tions, the imprints of such a Z′ would be seen in other flavor
sectors as well. Therefore, it is worth extending this model
to include other related decays. This will provide further in-
sights into the NP flavor structure. In this work, we consider
possible observable effects of Z′ models on decays induced
by the quark-level transition b→ d µ+ µ−.
The b→ dµ+ µ− transition gives rise to inclusive semi-
leptonic decays B¯→ Xd µ+ µ− as well as exclusive semi-
leptonic decays such as B¯→ (pi0, ρ)µ+ µ−, B+→ pi+ µ+ µ−,
and Bs → K¯∗µ+µ−. Till recently, the only observed decay
mode among these was B+→ pi+ µ+ µ− [40, 41], however
now LHCb has reported an evidence for the decay Bs →
K¯∗µ+µ− with a measured branching ratio of (2.9± 1.1)×
10−8 [42]. For other decays, we only have an upper bound
on their branching ratios [43, 44].
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2A large number of b→ dµ+µ− decays, at the level of
thousands or tens of thousands, would be observed after the
LHC upgrade. For example, about 17000 B+ → pi+ µ+ µ−
events are expected to be observed after collection of the full
300 fb−1 dataset. For Bs→ K¯∗µ+µ− decays, the full angular
analysis is expected to be possible after the LHCb Upgrade-
II dataset, where around 4300 events could be observed [45].
This would enable the measurements of angular observables
in Bs → K¯∗µ+µ− decays with a precision even better than
the existing measurements of angular distributions in Bd →
K∗µ+µ− decay.
Currently, as there are not many measurements in the
b→ d sector, a model-independent analysis would not be
very useful in constraining new physics. However, in the
context of specific models (like Z′), some of the couplings
can be constrained from the b→ s sector and neutrino trident
production. Therefore we choose this approach to constrain
the effective couplings in the b→ d µ+ µ− sector, and iden-
tify potential observables in the Bs→ K¯∗µ+ µ− decay where
large new physics effects are possible.
The paper is organized as follows. In section 2, we in-
troduce the Z′ model considered in this work and indicate
how it can be constrained by available measurements. We
then describe our fit methodology in Section 3. The fit re-
sults along with predictions of various Bs → K¯∗µ+ µ− ob-
servables are presented in Section 4. We summarize in Sec-
tion 5.
2 The Z′ model and sources of constraints
In the non-universal Z′ model that we consider, the Z′ boson
is associated with a new U(1)′ symmetry. It couples to both
left-handed and right-handed muons but not to leptons of
other generations. It couples to both left-handed and right-
handed quarks, however we assume its couplings to right-
handed quarks to be flavor-diagonal, thereby avoiding con-
tribution of new chirality flipped operators to flavor chang-
ing neutral current (FCNC) decays [46, 47]. The change in
the Lagrangian density due to the addition of such a heavy
Z′ boson is
∆LZ′ = JαZ′α , (1)
where
Jα ⊃ gµµL L¯γαPLL+gµµR L¯γαPR L+gbdL Q¯1γαPLQ3
+gbsL Q¯2γ
αPLQ3+h.c. . (2)
The right-hand side in eq. (2) includes only the terms con-
tributing to FCNC processes. Here PL(R) = (1∓ γ5)/2, Qi is
the ith generation of quark doublet, and L = (νµ ,µ)T is the
second generation doublet. Further, gµµL(R) are the left-handed
(right-handed) couplings of the Z′ boson to muons, and gbqL
to quarks. One can integrate out the heavy Z′ and get the
relevant terms in the effective four-fermion Hamiltonian as,
H Z
′
eff =
1
2M2Z′
JαJα ⊃ g
bs
L
M2Z′
(s¯γαPLb)
[
µ¯γα
(
gµµL PL+g
µµ
R PR
)
µ
]
+
(
gbsL
)2
2M2Z′
(s¯γαPLb)(s¯γαPLb)
+
gbdL
M2Z′
(
d¯γαPLb
)[
µ¯γα
(
gµµL PL+g
µµ
R PR
)
µ
]
+
(
gbdL
)2
2M2Z′
(
d¯γαPLb
)(
d¯γαPLb
)
+
gµµL
M2Z′
(
ν¯µγαPLνµ
)[
µ¯γα
(
gµµL PL+g
µµ
R PR
)
µ
]
, (3)
where we have taken the down-type quarks in the quark-
doublets Qi to be in the mass-flavor diagonal basis. In eq. (3),
the first (third) term corresponds to b→ s(d)µ+µ− transi-
tions, the second (fourth) terms give rise to Bs–B¯s (Bd–B¯d)
mixing, whereas the fifth term contributes to the neutrino
trident production νµN→ νµNµ+µ− (N = nucleus). Conse-
quently, the products gbsL g
µµ
L,R (g
bd
L g
µµ
L,R) are constrained by the
b→ s(d)µ+µ− data, and individual magnitudes |gbsL | (|gbdL |)
from the Bs–B¯s (Bd–B¯d) mixing. The neutrino trident pro-
duction puts limits on the individual muon couplings gµµL,R.
We now discuss constraints on the Z′ couplings arising from
each of the above measurements.
2.1 b→ s(d)µ+µ− decays
The effective Hamiltonian for b→ qµ+µ− transition in the
SM is
H SMeff =−
4GF√
2
V ∗tqVtb
[ 6
∑
i=1
CiOi
+Cbq7
e
16pi2
[qσµν(mqPL+mbPR)b]Fµν +C
bq
8 O8
+Cbq,SM9
αem
4pi
(qγµPLb)(µγµµ)
+Cbq,SM10
αem
4pi
(qγµPLb)(µγµγ5µ)
]
, (4)
3where GF is the Fermi constant and Vi j are the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. The Wilson
coefficients (WC) Ci of the four-fermi operators Oi encode
the short-distance contributions to the Hamiltonian in the
SM, where the scale-dependence is implicit, i.e. Ci ≡Ci(µ)
and Oi ≡ Oi(µ). The operators Oi (i = 1, ...,6,8) contribute
to these processes through the modifications C7,9(µ)→
Ceff7,9(µ,q
2), where q2 is the invariant mass-squared of the fi-
nal state muon pair. We drop the superscript “eff" from here
on for the sake of brevity. Addition of the new Z′ boson
to the SM particle spectrum modifies the WCs as Cbq9,10 →
Cbq,SM9,10 +C
bq,NP
9,10 , where
Cbq,NP9 = −
pi√
2GFαVtbV ∗tq
gbqL (g
µµ
L +g
µµ
R )
M2Z′
,
Cbq,NP10 =
pi√
2GFαVtbV ∗tq
gbqL (g
µµ
L −gµµR )
M2Z′
. (5)
In the Z′ models, Cbs,NP9 and C
bs,NP
10 are in general indepen-
dent. Two of the one-parameter scenarios, Cbs,NP10 = 0 (pop-
ularly known as Cbs,NP9 < 0) and C
bs,NP
9 = −Cbs,NP10 , can be
realized by substituting gµµL = g
µµ
R and g
µµ
R = 0, respec-
tively.
2.2 Bs(d)− B¯s(d) mixing
The dominant contribution to Bq− B¯q mixing within the SM
comes from the virtual top quark in the box diagram. The
Z′ boson contributes to Bq− B¯q mixing at the tree-level. The
combined contribution to Mq12, the dispersive part of the box
diagrams responsible for the mixing, is
Mq12 =
1
3
MBq f
2
Bq B̂Bq
NCSMVLL+
(
gbqL
)2
2M2Z′
 , (6)
where
N =
G2F M
2
W
16pi2
(
VtbV ∗tq
)2
,
CSMVLL = ηBxt
[
1+
9
1− xt −
6
(1− xt)2 −
6x2t lnxt
(1− xt)3
]
, (7)
with xt ≡ m2t /M2W . Here ηB=0.84 is the short-distance QCD
correction calcualated at NNLO [48], fBq is the decay con-
stant, and B̂Bq is the bag factor. The mass difference ∆Mq =
2|Mq12| is
∆Mq = ∆MSMq
∣∣∣∣∣∣∣1+
(
gbqL
)2
2NCSMVLL M
2
Z′
∣∣∣∣∣∣∣ , (8)
while the relevant weak phase φq is
φq =−2βq = arg(Mq12) . (9)
2.3 Neutrino trident production
Within the Z′ models, the modification of the cross section
σ for neutrino trident production, νµN → νµNµ+µ− may
be parameterized as [49]
Rν =
σ
σSM
=
1
1+(1+4s2W )2
[(
1+
v2gµµL (g
µµ
L −gµµR )
M2Z′
)2
+
(
1+4s2W +
v2gµµL (g
µµ
L +g
µµ
R )
M2Z′
)2]
, (10)
where v = 246 GeV and sW = sin θW .
3 Fit Methodology
We now determine favored values of the new physics cou-
plings gbsL , g
bd
L , g
µµ
L and g
µµ
R . We nominaly take the mass of
the Z′ boson to be MZ′ = 1 TeV. Note that since MZ′ only
appears through the combination g2/M2Z′ , the constraints on
couplings can be appropriately scaled with the actual value
of MZ′ .
In b→ sµ+µ− decays, we consider the following ob-
servables: (i) Bs → µ+µ− branching ratio [50–52], (ii) the
updated value of RK by the LHCb collaboration [4], (iii) RK∗
measured by LHCb [3] and its new Belle measurements, re-
ported at Moriond’19 [53] (for Belle results, we use mea-
surements in the bins 0.045 GeV2 < q2 < 1.1 GeV2, 1.1GeV2
< q2 < 6.0GeV2, and 15.0 GeV2 < q2 < 19.0 GeV2, for
B0 as well as B+ decays), (iv) the differential branching ra-
tios of Bd → K∗µ+µ− [54–57], B+ → K∗+µ+µ−, Bd →
Kµ+µ−, B+→ K+µ+µ− [55, 58], and B→ Xsµ+µ− [59]
in several q2 bins, (v) various CP-conserving and CP-violating
angular observables in Bd → K∗µ+µ− [10, 55, 57, 60, 61],
(vi) the measurements of differential branching ratio and an-
gular observables of Bs→ φµ+µ− [8] in several q2 bins.
While the ratios RK and RK∗ are theoretically clean, other
observables are plagued by sizeable uncertainties mainly com-
ing from form factors. For Bs → φ and B→ K decays, we
use the most precise form factor predictions obtained in light
cone sum rule (LCSR) [62, 63], taking into account the cor-
relations between the uncertainties of different form factors
and at different q2 values. The non-factorizable corrections
are taken into account following the parameterization used
in Ref. [63, 64]. These are also compatible with the compu-
tations in Ref. [65].
All the observables in the b→ sµ+µ− sector put con-
straints on the combinations gbsL g
µµ
L and g
bs
L g
µµ
R . For the fit
related to b→ sµ+µ−, we closely follow the methodology
of Ref. [13]. The χ2 function for all the b→ sµ+µ− observ-
ables listed above is calculated as
χ2b→sµµ(Ci) = [Oth(Ci)−Oexp]TC−1[Oth(Ci)−Oexp], (11)
4where Ci = C
bs,NP
9,10 . Here Oth(Ci) are the theoretical predic-
tions of b→ sµ+µ− observables calculated using flavio
[64], and Oexp are the corresponding experimental measure-
ments. The total covariance matrix C is obtained by adding
the individual theoretical and experimental covariance ma-
trices. In order to get the theoretical uncertainties, including
the correlations among them, all input parameters such as
the form factors, bag parameters, masses of particles, decay
constants etc. are varied assuming a gaussian distribution,
following the same methodology as used in flavio [64].
For the experimental covariance, we take into account the
correlations among the angular observables in B→K(∗)µ+µ−
[10] and Bs → φµ+µ− [8]. For the other observables, we
add the statistical and systematic errors in quadrature. Wher-
ever the errors are asymmetric, we use the conservative ap-
proach of using the larger error on both sides of the central
value.
We now turn to Bq− B¯q mixing. Here we consider con-
straints from ∆Md , ∆Ms, and the two CP-violating phases.
Using fBd
√
B̂Bd = (225±9) MeV [66], along with other in-
put parameters from ref. [67], eq. (8) gives ∆MSMd =(0.547±
0.046)ps−1. With ∆Mexpd =(0.5065±0.0019)ps−1 [68], the
contribution of ∆Md to χ2 is
χ2∆Md =
(
∆Md−∆Mexp,md
σ∆Md
)2
, (12)
where we denote the experimental mean value of an observ-
able X by Xexp,m, and the uncertainty in the observable by
σX . In order to obtain σX , we add the experimental and theo-
retical uncertainties in quadrature. Here, σ∆Md is dominated
by the theoretical uncertainty.
In order to minimize the impact of theoretical uncer-
tainties, we use ∆Ms constraints through the ratio MR =
∆Md/∆Ms. In the SM,
MSMR =
∣∣∣∣VtdVts
∣∣∣∣2 1ξ 2 MBdMBs , (13)
where ξ =
f 2Bd
B̂Bd
f 2Bs B̂Bs
. Using ξ = 1.2014+0.0065−0.0072 [69] and |Vtd/Vts|
= 0.2088+0.0016−0.0030 [70], we obtain M
SM
R = 0.0297± 0.0009,
where we have added the errors in quadrature. Wherever
there are asymmetric errors, we take a conservative approach
and use the larger of the errors on two sides. The value of
MexpR = 0.0285±0.0001 [68], so the contribution to χ2 due
to this ratio is
χ2MR =
(
MR−Mexp,mR
σMR
)2
. (14)
The observables ∆Md and MR constrain |gbsL | and |gbdL |.
The CP-violating constraints from J/ψφ and J/ψKS de-
cays contribute to the χ2 as
χ2J/ψφ =
(
SJ/ψφ −Sexp,mJ/ψφ
σSJ/ψφ
)2
,
χ2J/ψKS =
(
SJ/ψKS −Sexp,mJ/ψKS
σSJ/ψKS
)2
, (15)
where SJ/ψφ = - Im[Ms12]/|Ms12| and SJ/ψKS = Im[Md12]/|Md12|.
Here we have taken the measurements to be SexpJ/ψφ = 0.02±
0.03 and SexpJ/ψKS = 0.69±0.02 [67].
For the constraints from neutrino trident production, we
use the quantity Rν = σ/σSM, whose theoretical expression
is given in eq. (10). We have taken Rexpν ≡ 0.82± 0.28 [71,
72]. The contribution to the total χ2 is
χ2trident =
(
Rν −Rexp,mν
σRν
)2
. (16)
This observable constraints gµµL and g
µµ
R .
The b→ dµ+ µ− decays are CKM-suppressed as com-
pared to b→ sµ+ µ−. In our analysis, we include constraints
from the branching ratios of B+ → pi+ µ+ µ− and Bd →
µ+ µ− decays. We do not include the measurements of ob-
servables in Bs → K¯∗µ+µ− decay in our fit, since we are
interested in obtaining predictions for these.
The theoretical expression for B(B+ → pi+ µ+µ−) in
the Z′ model can be obtained from Ref. [73], by adding the
NP contribution as given in eq. (5). The contribution to χ2
from this decay is
χ2B+→pi µ µ =
(B(B+→ piµµ)−B(B+→ piµ µ)exp,m
σB(B+→piµµ)
)2
,
(17)
whereB(B+→ piµ µ)exp = (1.83±0.24)×10−8 [41]. Fol-
lowing Ref. [73], a theoretical error of 15% is included due
to uncertainties in the B→ pi form factors [74].
The branching ratio of Bd → µ+ µ− in our model is
given by
B(Bd → µ+ µ−) =
G2Fα2MBd m
2
µ f
2
BdτBd
16pi3
|VtdV ∗tb|2
×
√
1− 4m
2
µ
M2Bd
∣∣∣Cbd,SM10 +Cbd,NP10 ∣∣∣2 , (18)
and the contribution to χ2 is
χ2Bd→µ µ =
(B(Bd → µµ)−B(Bd → µµ)exp,m
σB(Bd→µµ)
)2
. (19)
We have usedB(Bd→ µ+ µ−)exp =(3.9±1.6)×10−10 [68],
fBd = (190±1.3)MeV [69], and other inputs from [67].
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Fig. 1 The (gbdL , g
µµ
L ) parameter space corresponding to a Z
′ model with gµµL = g
µµ
R (i.e. C
bd,NP
10 = 0), for MZ′ = 1 TeV. The blue curve is the
boundary of the 1σ -favored region due to constraints from measurments in b→ d sector and neutrino trident production. The pink shaded region
represents the 1σ -favored parameter space after including additional constraints from b→ sµ+ µ− data and Bs− B¯s mixing.
Finally, combining all the above constraints, we obtain
χ2total = χ
2
b→sµµ +χ
2
∆Md +χ
2
MR +χ
2
J/Ψφ +χ
2
J/ΨKS +χ
2
trident
+χ2B+→pi µ µ +χ
2
Bd→µµ . (20)
In addition to the above constraints, there would be con-
straints coming from b→ sν ν¯ and charm sector. However,
at present, we only have upper limits on b→ sν ν¯ and c→
uµ+ µ− decays. Further, in the D0-D¯0 mixing, we expect a
large fraction of unknown long-distance contributions. There-
fore these measurements cannot be included in as clean a
manner as the ones we have considered above. Instead, in
the appendices A and B, we determine the allowed regions
due to these constraints taken separately and compare with
those obtained from our fit. We find that the constraints from
these additional channels are much weaker, and will not af-
fect our results.
In the next section, we present our fit results, along with
predictions of several observables in Bs→ K¯∗µ+µ− decay.
4 Fit results and predictions
In a model-independent analysis, there have been attempts
to put limits on the new physics couplings for b→ d`` de-
cays [75], however it is difficult as there are only a few mea-
surements in this sector. Within the context of a Z′ model,
one can obtain meaningful constraints using correlated b→
s and b→ d processes. This can be seen from Fig. 1, which
depicts the allowed (gbdL , g
µµ
L = g
µµ
R ) parameter space cor-
responding to a Z′ model which generates the 1D scenario
Cbd,NP10 = 0. The elliptical region represents the 1σ -favored
parameter space with constraints only from b→ d sector,
i.e., branching ratios of B+ → pi+ µ+ µ− and Bd → µ+µ−
decays, Bd − B¯d mixing, and neutrino trident production.
The two shaded regions represent the 1σ -favored parame-
ter space obtained by including additional constraints from
all relevant measurements related to b→ sµ+ µ− decays and
Bs− B¯s mixing. It can be seen that the allowed range of NP
couplings, in particular gµµL,R, reduces considerably after in-
cluding constraints from the b→ s sector. Therefore, it is
worth studying implications of several measurements in the
b→ s sector on the observables in b→ dµ+ µ− decays.
Performing a fit to the relevant observables in b→ s and
b→ d sectors, we determine the 1σ -favored parameter space
of the couplings gbdL , g
bs
L , g
µµ
L and g
µµ
R , considering g
bs
L and
gbdL to be (i) real, (ii) complex. These can be used to find
constraints on the NP Wilson coefficients (Cbd,NP9 ,C
bd,NP
10 ),
and to put limits on the allowed NP in the following ob-
servables in Bs → K¯∗µ+µ− decay: differential branching
ratio, the LFUV ratio R(s)K∗ , muon forward-backward asym-
metry AFB, longitudinal polarization fraction FL, and direct
CP asymmetry ACP.
The matrix element for the decay amplitude of Bs →
K¯∗µ+µ− can be written as
M =
GFα√
2pi
VtbV ∗td
{[
Cbd9
〈
K¯∗|d¯γµPLb|Bs
〉
− 2mb
q2
Cbd7
〈
K¯∗|d¯ iσµνqνPR b|Bs
〉]
(µ¯γµµ)
+Cbd10
〈
K¯∗|d¯γµPLb|Bs
〉
(µ¯γµγ5µ)
}
, (21)
where Cbd,SM9 and C
bd,SM
10 are taken from Ref. [76] and Ref.
[77] respectively. The matrix elements appearing in eq. (21)
have been calculated using form factors obtained by a com-
bined fit to lattice calculations and QCD sum rules on the
light cone [63]. We also include the non-factorizable cor-
rections due to soft gluon emission and charmonium reso-
nance, which have been computed for Bd → K∗`` [65, 78],
6**
*
-2 -1 0 1 2-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
*
*
*
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
*
*
*
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6-2
-1
0
1
2
Fig. 2 The 1σ -favored (gbdL , g
µµ
L , g
µµ
R ) parameter space for a Z
′ model with real couplings, for MZ′ = 1 TeV. The colors red to blue in the bottom
left 3D parameter space correspond to decreasing values of gµµR .
and parameterized as corrections to CSM9 . These effects are
assumed to be roughly the same for Bs→ K¯∗`` due to flavor
symmetry [79].
The decay Bs→ K¯∗µ+µ− may be described in terms of
the four-fold distribution as [79]
dΓ
dq2
=
∫ +1
−1
d cosθl d cosθV
∫ pi
0
dφ
d4Γ
dq2 d cosθV d cosθl dφ
=
1
4
(3 Ic1 +6I
s
1− Ic2−2Is2) , (22)
where q2 is the lepton invariant mass, θV and θl are the polar
angles, and φ is the angle between the dimuon plane and K∗
decay plane. The relevant observables can be obtained from
the four-fold distribution as
dB
dq2
= τBs
dΓ
d q2
,
R(s)K∗(q
2) =
dΓ (Bs→ K¯∗µ+µ−)/d q2
dΓ (Bs→ K¯∗e+e−)/d q2 ,
AFB(q2) =
1
dΓ /dq2
[∫ 0
−1
−
∫ 1
0
]
d cosθl
d4Γ
dq2d cosθl
=
−3Is6
3Ic1 +6I
s
1− Ic2−2Is2
,
FL(q2) =
3Ic1− Ic2
3Ic1 +6I
s
1− Ic2−2Is2
,
ACP(q2) =
dB/dq2−dB¯/dq2
dB/dq2+dB¯/dq2
, (23)
7Scenario NP1 NP2 NP3 NP4
Cbd,NP9 +0.98 −0.80 −1.4+4.9 i −0.6+0.8 i
Cbd,NP10 −0.17 +0.19 +0.7−2.3 i +0.2−0.2 i
Table 1 Values of NP Wilson coefficients for benchmark scenarios NP1, NP2 corresponding to a Z′ model with real couplings, and scenarios NP3,
NP4 with complex couplings. The first two benchmark scenarios NP1 and NP2 for real Z′ couplings, correspond to a maximum deviation from
the SM predictions of the observables considered. The last two scenarios, for complex couplings, are the 1σ -favoured ones with a near-maximum
value of Im[Cbd,NP9 ] and a near-minimum value of Re[C
bd,NP
10 ].
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Fig. 3 The predictions for observables in Bs→ K¯∗µ+µ− decay, with real Z′ couplings, for SM and the benchmark scenarios NP1 and NP2 as in
Table 1 .
where the functions Ii can be expressed in terms of the transver-
sity amplitudes [80]. Here B¯ corresponds to the decay mode
B¯s→ K∗µ+µ−.
We present our results for the above observables at four
benchmark NP scenarios as given in Table 1.
4.1 Real couplings
In order to quantify how well the Z′ model is able to account
for all data in the b→ s and b→ d sectors, we define ∆χ2 =
χ2SM− χ2NP, where the minimum χ2 in the SM, and in the
presence of NP Z′ couplings, is denoted by χ2SM and χ
2
NP,
respectively. For the case of real couplings, we find the best
fit values to be gbdL =±0.3×10−3, gµµL =∓0.4, and gµµR =
∓0.2. The value of χ2SM ≈ 221 and ∆χ2 ≈ 41. The value
of χ2SM = 221 corresponds to g
bs
L = g
bd
L = g
µµ
L = g
µµ
R = 0.
Since allowing all these NP couplings to be non-zero can
decrease the χ2 to χ2NP,(s,d) ≈ 181, the SM point may be
said to be highly disfavoured. However, even if we restrict
gbdL = 0, the freedom allowed in the other NP couplings can
still allow χ2NP,s ≈ 181. Thus, the improvement over the SM,
∆χ2 ≈ 41 is mainly due to the presence of non-zero gbsL and
the muon couplings, which help explain the anomalies in the
b→ s`` sector.
The 1σ -favored parameter space of the couplings (gbdL ,
gµµL , g
µµ
R ) is shown in Fig. 2. It can be seen from (g
bd
L , g
µµ
L )
and (gbdL , g
µµ
R ) planes that, while g
µµ
R = 0 is barely disfa-
vored within 1σ , a rather wide strip |gµµL | ≤ 0.25 lies be-
yond the 1σ -favored region. This is because the anomalies
in b→ sµµ decays need a non-zero value of Cbs,NP9 , which
in turn require a non-zero value of gµµL or g
µµ
R . Furthermore,
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Fig. 4 Integrated values of the branching ratio of Bs → K¯∗µ+µ− (left panel) and the LFUV ratio R(s)K∗ (right panel) in the 1σ -favored parameter
space of (Cbd,NP9 ,C
bd,NP
10 ).
the scenario Cbs,NP9 = −Cbs,NP10 [13], which provides a good
fit, favors gµµR = 0, thus requiring g
µµ
L to be away from zero.
Note that the results in the (gµµL , g
µµ
R ) plane indicate the
class of favored solutions that lie along gµµL = g
µµ
R , corre-
sponding to Cbs,NP10 ≈ 0≈Cbd,NP10 .
4.1.1 Predictions for dB/dq2, R(s)K∗(q
2), AFB(q2) and FL(q2)
The top left panel of Fig. 3 shows predictions for the dif-
ferential branching ratio corresponding to real Z′ couplings,
for the SM as well as two benchmark scenarios NP1 and
NP2 from Table. 1. These scenarios roughly correspond to
the maximum deviation on either side from the SM predic-
tions in the 1σ favored NP parameter space. The maximum
enhancement (suppression) in the differential branching ra-
tio corresponds roughly to a maximum positive (negative)
value of Cbd,NP9 . It can be seen from the figure that only a
marginal enhancement or suppression over the SM value is
possible in the differential branching ratio. A clean distinc-
tion among the predictions of different scenarios is difficult
owing to the large uncertainties (about 20%) arising from
the form-factors.
A measurement of the LFUV ratio R(s)K∗(q
2) in a few
q2 bins would be possible with the LHCb upgrade-II data
set [45]. The predictions for this quantity in the benchmark
scenarios NP1 and NP2 are shown in the top right panel
of Fig. 3. In the SM, R(s)K∗(q
2) is unity in the entire low-q2
region, while an enhancement up to 1.3 and a suppression
up to 0.8 is allowed. The maximum enhancement (suppres-
sion) roughly corresponds to the maximum positive (nega-
tive) value of Cbd,NP9 .
Within the SM, the forward-backward asymmetry AFB(q2)
is predicted to vanish around q2 ≈ 3.5GeV2, and the zero-
crossing is from negative to positive, as can be seen from the
bottom left panel in Fig. 3. The maximum value of AFB(q2)
in the SM is≈ 10 %. The positive (negative) value of Cbd,NP9
also shifts the zero-crossing towards lower (higher) q2 value.
The integrated value of AFB over q2 = (1− 6)GeV2 bin
is (−0.6± 1)% within the SM . The predictions for inte-
grated AFB for the benchmark scenarios NP1 and NP2 are
(3.1±1.4)% and (−5±1.7)%, respectively.
The predictions for longitudinal polarization fraction FL(q2)
are shown in the bottom right panel of Fig. 3. Within the SM,
the peak value of FL(q2) is ≈ 0.9 around q2 ≈ 1.8 GeV2.
The shape of FL(q2) does not change with NP and only a
marginal deviation from SM is allowed for the benchmark
NP scenarios considered here.
Thus, in the case of real couplings, R(s)K∗(q
2) is useful to
distinguish the predictions of the two benchmark NP scenar-
ios from the SM expectation, while the predictions for the
differential branching ratio, AFB(q2), and FL(q2) may not
have distinct NP signatures, owing to the large form factor
uncertainties.
4.1.2 Integrated branching ratio and R(s)K∗ in the low-q
2
region
The results obtained for integrated dB/dq2 and R(s)K∗(q
2) over
the q2 = (1−6)GeV2 bin are presented in Fig. 4. These re-
sults are depicted in the (Cbd,NP9 ,C
bd,NP
10 ) plane, with differ-
ent colors and symbols indicating the values of integrated
branching ratio (left panel) and integrated R(s)K∗ (right panel).
At each 1σ -favored value of (Cbd,NP9 ,C
bd,NP
10 ), we vary the
values of form factor parameters within their 1σ range [63]
with a gaussian distribution of uncertainties.
In the case of integrated branching ratio, the errors due
to form factors are about 20%. Due to such large errors,
even by considering branching ratio values as different as
(5–6)×10−9 and (12–14)×10−9, we find a significant over-
lap in the (Cbd,NP9 ,C
bd,NP
10 ) plane. Hence, a measurement of
integrated branching ratio may not be very helpful to put
limits on the allowed values of the NP couplings.
In the case of R(s)K∗ , the uncertainties due to form factors
cancel in the ratio. The lack of overlap between the regions
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Fig. 5 The 1σ -favored (Re[gbdL ], g
µµ
L , g
µµ
R ) parameter space for a Z
′ model with complex couplings, for MZ′ = 1 TeV. The colors red to blue in the
bottom left 3D parameter space correspond to decreasing values of gµµR .
of integrated R(s)K∗ values in the range (0.7–1.4) indicates that
a future measurement of integrated R(s)K∗ with an accuracy of
∼ 10% in this decay mode would make it possible to identify
the ranges of (Cbd,NP9 ,C
bd,NP
10 ) more precisely. Even with a
preliminary measurement, an enhancement in the value of
R(s)K∗ above unity would indicate a positive value of C
bd,NP
9
and a negative value of Cbd,NP10 , while a suppression would
imply a negative Cbd,NP9 and positive C
bd,NP
10 . This feature
may be understood from the approximate analytic form of
the LFUV ratio, R(s)K∗ ∝ (Re[C
bq,NP
9 ]−Re[Cbq,NP10 ]) [81].
4.2 Complex couplings
We would now like to see how the predictions for the above
observables in the Bs → K¯∗µ+µ− decay would change if
the couplings gbdL and g
bs
L are allowed to be complex. Note
that since the leptonic current in eq. (3) is self-conjugate,
gµµL and g
µµ
R must be real. We also study the impact of these
complex couplings on the direct CP asymmetry in this de-
cay.
Fig. 5 shows the 1σ -favored regions of the couplings
Re[gbdL ], g
µµ
L , and g
µµ
R . The minimum χ
2 in the presence of
the complex NP couplings is χ2NP ≈ 178, so that ∆χ2 ≈ 43,
thereby providing a slightly better fit as compared to the case
of real couplings (∆χ2 = 41). The corresponding best fit
values are Re[gbdL ] =±2.7×10−3, Im[gbdL ] =∓3.8×10−3,
gµµL = ∓1 and gµµR = ∓0.255. As χ2NP for complex cou-
plings is lower compared to that for real couplings, the 1σ -
favored parameter space shifts further away from the SM
point. A larger parameter space is allowed for the muon cou-
plings compared to the real case, |gµµL | ≤ 2.5 and |gµµR | ≤
1.4. The 1σ favored region encompasses gµµR = 0, whereas
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Fig. 6 The predictions for Bs → K¯∗µ+µ− decay, with complex Z′ couplings, for SM and the benchmark scenarios NP3 and NP4 as given in
Table 1 .
a rather large region around gµµL = 0 (i.e. |gµµL | ≤ 0.4) is dis-
favoured within 1σ . The allowed range of Im[gbdL ] is qualita-
tively similar to that of Re[gbdL ]. Note that the complex nature
of gbdL is constrained only from Bd − B¯d mixing measure-
ments, since no CP-violating measurements are currently
available in the b→ dµµ sector.
4.2.1 Predictions for dB/dq2, R(s)K∗(q
2), AFB(q2) and FL(q2)
The predictions for differential branching ratio and R(s)K∗(q
2)
for the Z′ model with complex couplings are shown in the
top panel of Fig. 6 , for SM as well as the benchmark sce-
narios NP3 and NP4 in Table 1. These scenarios are the
1σ -favored ones with a maximum value of Im[Cbd,NP9 ] and
a minimum value of Re[Cbd,NP9 ], respectively, and are ob-
served to provide close to maximal allowed deviation from
the SM predictions. A significant enhancement in the branch-
ing ratio is possible in NP3, which could be useful in identi-
fying deviations from the SM. A large enhancement is also
possible in the LFUV ratio R(s)K∗(q
2) in the NP3 scenario,
with the maximum value of R(s)K∗ = 1.8 at q
2 = 6GeV2. While
the scenario NP4 cannot be distinguished from the SM us-
ing only the branching ratio, the value of R(s)K∗(q
2) in this
scenario can be as low as 0.85. Therefore, R(s)K∗(q
2) would be
useful to identify deviations from the SM.
A marginal enhancement in AFB(q2) is possible for the
scenario NP3, which would also display zero-crossing at
much lower q2 values (q2 ≈ 2.5GeV2) compared to that in
the SM (q2 ≈ 3.5GeV2). A marginal suppression in FL(q2)
is also possible in NP3. The scenario NP4, on the other hand,
does not show significant deviations from the SM for these
two observables.
4.2.2 Direct CP asymmetry ACP(q2)
The direct CP asymmetry in the b→ d µ+ µ− sector is ex-
pected to be about an order of magnitude larger than b→
sµ+ µ−. As direct CP violation in b→ sµ+ µ− sector is
expected to be ∼ 0.1%, its experimental observation would
be possible only if some new physics provides an order of
magnitude enhancement to bring it up to the level of a few
percent. In b→ d µ+ µ− decays, the ACP in SM itself is at
the level of a few per cent, and can be within experimental
reach.
Fig. 7 shows ACP(q2) in the low-q2 region for the decay
Bs → K¯∗µ+µ−, considering the benchmark scenarios NP1
and NP2 (real couplings), as well as NP3 and NP4 (complex
couplings). It can be seen from the left panel of the figure
11
1 2 3 4 5 6
-2
0
2
4
6
1 2 3 4 5 6
-2
0
2
4
6
Fig. 7 Predictions for the direct CP asymmetry ACP(q2) in Bs→ K¯∗µ+µ− decay for benchmark scenarios with real couplings (left) and complex
couplings (right).
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Fig. 8 The integrated values of the LFUV ratio R(s)K∗ (left panel) and the direct CP asymmetry ACP (right panel) in the 1σ -favored parameter space
of (Re[Cbd,NP9 ], Im[C
bd,NP
9 ]) for the Z
′ model with complex couplings.
that for real couplings, ACP(q2) is either marginally below
the SM prediction or almost consistent with it.
For complex couplings, however the suppression in ACP(q2)
can be quite large. It can even lead to ACP(q2) falling below
a per cent level, hence making its measurement extremely
difficult. In some scenarios (e.g. NP3), it is even possible
for ACP(q2) to be negative for very low q2 values. After
scanning over the 1σ -favored parameter space, we find no
significant enhancement in ACP(q2). So an NP signal can be
established if the measurements put an upper bound which
is firmly below the SM prediction of ACP(q2).
4.2.3 Integrated R(s)K∗ and ACP
As observed in the case of real couplings, the integrated
branching ratio does not help much in narrowing down the
range of effective NP Wilson coefficients. Hence, in this
section, we focus on the integrated values of R(s)K∗ and ACP
over q2 = (1− 6)GeV2 bin. Fig. 8 depicts these results in
the (Re[Cbd,NP9 ], Im[C
bd,NP
9 ]) plane, with different colors and
symbols indicating the values of integrated R(s)K∗ (left panel)
and ACP (right panel). At each 1-σ -favored complex value of
(Cbd,NP9 ,C
bd,NP
10 ), we vary the values of form factor parame-
ters within their 1-σ range [63] with a gaussian distribution
of uncertainties.
As in the case of real NP couplings, integrated R(s)K∗ below
the SM prediction of unity could indicate a negative value
of Re[Cbd,NP9 ]. An enhancement in integrated R
(s)
K∗ upto (1.2
- 1.6) is possible for large positive or negative values of
Im[Cbd,NP9 ]. These features may be understood from the ob-
servation that in the case of complex couplings, R(s)K∗ has con-
tributions both from Re[Cbd,NP9 ] and |Cbd,NP9 |2.
The right panel of Fig. 8 shows that a large positive value
of Im[Cbd,NP9 ] can decrease the integrated ACP to less than a
per cent. The negative values of Im[Cbd,NP9 ] do not seem to
affect ACP much, keeping it close to the SM prediction of
2.5%. Therefore, a simultaneous measurement of integrated
R(s)K∗ and ACP, with a precision of 0.1 and 1%, respectively,
may help identify the sign of Im[Cbd,NP9 ]. We find that the
measurements of integrated R(s)K∗ and ACP values are not very
useful in identifying the allowed ranges of Re[Cbd,NP10 ] and
Im[Cbd,NP10 ].
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5 Summary and Conclusions
In non-universal Z′ models, instrumental in accounting for
the flavor anomalies, the observables in b→ s`` and b→ d``
processes would be correlated. In this paper, we study the
constraints on the couplings of a non-universal Z′ model
from the measurements in b→ qµµ (q = s,d) decays, Bq−
B¯q mixing, and neutrino trident production. These couplings
give rise to new additional contributions to the Wilson coef-
ficients Cbq9 and C
bq
10 . Using the above constraints, we per-
form a global fit to determine 1σ -favored regions in the pa-
rameter space of the Z′ couplings gbdL , g
bs
L , g
µµ
L , and g
µµ
R . We
analyze the cases when quark-Z′ couplings gbdL and g
bs
L are
(i) real, and (ii) complex. We also present our predictions for
some important observables in Bs → K¯∗µµ decays — the
differential branching ratio dB/dq2, the LFUV ratio R(s)K∗ ,
the angular observables AFB and FL, and the CP asymmetry
ACP — for some benchmark scenarios.
It is observed from our analyses that the Z′ model im-
proves the global fit over the SM by ∆χ2 ≈ 41 (real cou-
plings) and ∆χ2 ≈ 43 (complex couplings). The favored re-
gions in the parameter space lie along gµµL ≈ gµµR , corre-
sponding to Cbd,NP10 ≈ 0, while the region around gµµL = 0
is disfavored. These are mainly dictated by the RK and RK∗
anomalies in b→ s sector.
For the observables in Bs→ K¯∗µ+µ− decays, when the
couplings are real, we find that the enhancement and sup-
presion in dB/dq2 cannot be cleanly identified due to the
large uncertainties in the SM prediction. However, the value
of R(s)K∗(q
2) can substantially deviate from the SM predic-
tion of unity — it can range from 0.8 to 1.3. The enhance-
ment (suppression) corresponds to positive (negative) val-
ues of Cbd,NP9 . A marginal enhancement and suppression in
AFB(q2) is possible compared to the SM predictions, with
the zero-crossing shifting towards lower (higher) q2 values
for positive (negative) values of Cbd,NP9 . There is no signif-
icant deviation from SM in the predictions of FL(q2), and
the predictions of ACP(q2) also stay close to the SM expec-
tation for all the favored values of NP Wilson coefficients.
Further, we find that a measurement of integrated R(s)K∗ in the
low-q2 bin with a precision of ∼ 0.1 can help narrow down
the ranges of (Cbd,NP9 ,C
bd,NP
10 ).
In the case of complex couplings, a larger NP param-
eter space is allowed, leading to larger possible deviations
in the Bs → K¯∗µµ observables. In particular, a ∼ 50% en-
hancement in dB/dq2 is allowed. Moreover, the LFUV ra-
tio R(s)K∗(q
2) can be enhanced up to 1.8 in scenarios with
large positive and negative Im[Cbd,NP9 ]. There can also be
a significant enhancement in AFB(q2) for positive values of
Re[Cbd,NP9 ] and large Im[C
bd,NP
9 ], with the zero-crossing shift-
ing towards lower q2. A significant suppression in ACP(q2)
compared to the SM prediction of 2.5% is possible for large
b → s ν ν1σ : bs + bd
-3 -2 -1 0 1 2 3-2
-1
0
1
2
Fig. 9 Comparison of favored NP parameter space using b→ sνν¯ data
and combined fit to b→ s, b→ d and neutrino trident data.
positive values of Im[Cbd,NP9 ], which may lead to ACP(q
2)
falling below a per cent level. We find that a measurement of
integrated R(s)K∗ and ACP, with a precision 0.1 and 1%, respec-
tively, would be needed to narrow down the allowed ranges
of (Re[Cbd,NP9 ], Im[C
bd,NP
9 ]).
To summarize, we study NP effects in Bs→ K¯∗`` decays
in a generic Z′ model with real as well as complex couplings.
The constraints on the Z′ couplings are obtained by correlat-
ing measurements in the b→ s and b→ d sectors, along with
neutrino trident production. We find that
– The present data allow a large deviation (enhancement
as well as suppression) in R(s)K∗ from its SM prediction.
The deviation is more pronounced for complex NP cou-
plings.
– The CP asymmetry can be significantly suppressed as
compared to the SM prediction.
The modes Bs→ K¯∗`` are expected to be measured with
a good accuracy in the near future. The observables R(s)K∗ and
ACP in Bs→ K¯∗µµ decays can show clean signatures of the
presence of NP. Hence their measurements will be crucial in
the search for physics beyond the SM.
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Appendix A: Constraints from b→ sνν¯
The quark level transition b→ sνν¯ induces exclusive semi-
leptonic decays B→ K(∗)νν . The effective Hamiltonian rel-
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Fig. 10 Comparison of allowed NP parameter space using D0-D¯0 mixing & branching ratio of D0 → µ+µ− and combined b→ s, b→ d and
neutrino trident fit.
evant for b→ sνν¯ transition is [82]
Heff =−
√
2αGF
pi
VtbV ∗ts ∑`C`L(s¯γµPLb)(ν¯`γµPLν`) , (A.1)
where C`L =C
SM
L +C
``
ν (NP). The NP contribution C
µµ
ν (NP)
in the Z′ model is given by
Cµµν (NP) =−
pi√
2GFαVtbV ∗ts
gbsL g
µµ
L
M2Z′
. (A.2)
The SM WC is CSML =−Xt/s2W , where sW ≡ sinθW and Xt =
1.469±0.017.
From the experimental side, at present, we only have fol-
lowing upper limits [83–87]
B(B0→ K0νν¯) < 2.9×10−5 ,
B(B0→ K∗0νν¯) < 2.0×10−5 ,
B(B+→ K+νν¯) < 1.7×10−5 ,
B(B+→ K∗+νν¯) < 4.8×10−5 . (A.3)
Using the above bounds, the allowed NP parameter space
from b→ sνν¯ data near our best-fit region is depicted in
Fig. 9. It is evident that the bounds coming from the current
B→K(∗)νν data are much weaker than those obtained from
the combined b→ s, b→ d and neutrino-trident fit.
Appendix B: Constraints from D0-D¯0 mixing and
D0→ µ+µ− decay
The quark doublets in Eq. (2) are taken to be in the down-
type quark diagonal basis. Hence owing to quark mixing, the
up-type quarks in the quark doublets induce ui → u j tran-
sitions. Then there can be constraints coming from the up
quark sector, in particular D0-D¯0 mixing and charm decays.
The relevant terms in the effective Hamiltonian for the c→ u
sector are
H Z
′,c→u
eff ⊃
1
2M2Z′
JαJα =
gcuL
2M2Z′
(u¯γαPLc)(u¯γαPLc)
+
hcuL
M2Z′
(u¯γαPLc)
[
µ¯γα
(
gµµL PL+g
µµ
R PR
)
µ
]
, (B.4)
where
gcuL = (g
bs
L VudV
∗
cb)
2+(gbdL VusV
∗
cb)
2+2gbsL g
bd
L VudV
∗
cbVusV
∗
cb ,
hcuL = g
bs
L VudV
∗
cb+g
bd
L VusV
∗
cb . (B.5)
The first term in Eq. B.4 induces D0-D¯0 mixing whereas the
second term induces c→ uµ+µ− transition. Here we con-
sider constraints from D-D¯ mixing and D0→ µ+µ−.
In the SM, D0-D¯0 mixing is induced at the loop level by
the quarks d, s and b. Due to a strong GIM cancellation, the
short-distance contribution is extremely small. In particular,
the contribution due to b-quark is highly suppressed, O(λ 8).
Therefore D0-D¯0 mixing is dominated by the d- and s-quarks
and hence there can be large long-distance contributions, for
which there are no reliable estimates at present [88, 89].
In our analysis, we consider the D0-D¯0 mixing parameter
∆MD which is measured to be 0.0095+0.0041−0.0044 ps
−1 [67]. In
Z′ model, D0-D¯0 mixing is induced at the tree level and
hence would provide a much larger contribution in compar-
ison to the short-distance SM contribution. Further as long-
distance contributions are unknown, we saturate the ∆MD
experimental value with new physics contribution which is
given by
∆MD =
f 2D mD BD r(mc,MZ′)
3M2Z′
(gcuL )
2 , (B.6)
where fD = 212.0± 0.7 MeV [66], BD = 0.757± 0.027±
0.004 [90] and r(mc,MZ′) = 0.72 for MZ′ = 1 TeV [91].
The decay D0 → µ+µ− is induced by the quark level
transition c→ uµ+µ−. In Z′ model, the branching ratio is
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given by
B(D0→ µ+µ−) = τD f
2
Dm
2
µmD
32piM4Z′
√
1− 4m
2
µ
m2D
× (hcuL )2(gµµL −gµµR )2 . (B.7)
Within the SM, D0→ µ+µ− is dominated by the intermedi-
ate γ∗γ∗ state which scales its branching ratio as 2.7×10−5
times the branching ratio for D0 → γγ [92]. Using the up-
per bound on D0 → γγ < 2.2× 10−6 at 90% C.L. [93], the
SM branching ratio is estimated to be . 10−10. From the
experimental side, we only have an upper bound which is
< 6.2×10−9 at 90% C.L. [94].
Fig. 10 shows the region allowed by the branching ratio
of D0→ µ+µ− and ∆MD as well as from the combined fit
in the region around our best-fit point. It is obvious that the
constraints coming from the charm sector are significantly
weaker.
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